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ABSTRACT We ern:)oo a binary hv'po'hesis :stcnic. hc
can be gener-aI~zed to more cc7:era; vol ~ :es::nc

This perdeals wit.h protlems of quantitat ive probems. These are indeed vt£e-ert in the :a:o
orca__nlzaulor.aZ desr.:. We show [ha: teoaa rh:ct assessmert C- function. WVe uou2.:e to10 c
of even a very- s;.mc-.e team of : e:!siorn makers (D'ls) muan*,aatve design mt-ooloz% 1,c, zc :z t.m
rperOrm,:no V;nar h ivoohesis la f! dPencs5 on va'aiaoes

eeralto .-e eam. Orn the o-_-the , nan.nere exts: partcuar _n: exmn eea m :.ss o: IMts r"
croabiit di~iutinsfor :he obsenva-iorns w h icea' to starins wireal-time _Czision f07c u~ trs
unamotcous pt: arontec ures to. which thre "beTter nvot.-is:s te~sun[. The temac''eis D a reOs

ctz:sior .Z.aKer ma.-kes the fira' teani decistAon, based Lpon of th emaesup. \ekr'- o - i
b:messa~cs from the 'worse- decisior rmaker. 2ut a o\er tea-m architecture (S2V f.--: - ' o a-

eein*2s at t ar i to 'a~ for cmaethe performnce o:a'' ms V.
,aSWi'r. urr'_ef or more D.Ms. becau,_se of the compiexit of wlso Seek to design an or-zamno' IC to So-i"f t'
nm robl=m. A heursuc: aigoruh:m fo0r organmanor des-.n is perrmnc sp0=fcaons ano stuz\ ""c

-::25=f new DM to .he te-am. %;ai~ve va .-±.e to .:nt-n
and develop the theoretlical aspt"*. an

1. INTRODUCTION AND MOTIVATION com:iexmtv assoc~atec \A;*- t's-;S 0 _-SS O n7-i-s.

OUr ma~n 7esearcn g- oal is.o develop basic Suco7ose [ha: a itam co'.s's*s of N D .s EN~c-'l. LS
Cs C - CnS a: ce :st ML:- tn . I S D 11'1e C team mav have manv a:-.

or mza-_::zs. As wesnall see such robem can be-.cme commuriucab:or p-1o'oC. F orexa:7t - N v L s
vtr\ com.izated becaus-e o: te d~smcu,-ed idecenc-ahzed) tWO d~C.::ren arcn::c:ure p n t ,
c :stor process. In order to gain ur,ders:ancdnE into the enivironment consists o:' se\v".--'.v- ny7 .n "5"s DV

unae :5L,:sus we neec a cradtcm: w.:ch recetves a cond.,uonajv incepencen arser.ZoL
recr-esen-s s:=:7ie dtec:sion ma .imc. anc whose cen~a.:zec tern~ta:ve aeciston. bast uporn '-,. or A
Versio. I's easy to f crulat. so lve. ar.c: co=ou:e. We have decisions of roe otherC -:rocessors V n _c.Znve = Z":" _ S=1 s--

2_ed thvroble ol' h-ohess .,2s"r.2 as our bast.c to r.:m. accorotno to sorn" - -c omr
gi:See refCt.e " I-j77 !a*.d 7ror reserch proocos. -he fiLl tea== " i -:. some! cost.s as

wih i: e ocje somcno';
conirZ.':ation reu 7st:0 SUn1C 7rc- , o"0" '

neh c:.i e~~ - -~~-ncrltst he cive *v -" DNs and a vt. 0 cutiton.' .
gs:nat to p. ... .oetec~o rotarei vs tL7Ee: 11-e to determne ch D sno'o c zz-

7-"S=-t) uzc Ste-a_"SP Se" o-S*S 5::Posc that each position-. We would aLso Like to tes '- effectsl Of feen
S:-so- has szr:~c at c roesns c muiaonprotocols. A.1'.t -a 7 01' o:Sra

72v, -a--s a:~ ':t7 o o0,2 -'LaZ* ' G'" o.ec:!. Bcaus ilusate -igure 1c. O'\:v"'.a'w ". - c D~s wncn.
-- a un:a :it a un a 'm.n Of o-se.-auons tee meet certatn spectrtica:co7s. vt, vo-. !e,: to cte77err-:r

ignor,. 7c'ja bil: Of C-.7 aSSoZ:'.t wro-_ ecih sensor S D% shou7d be nocc z--z in vh-:
Ct nwenn W--ht '7s!%.tS :nIos. tt* S Ce2S1-:rte toe team '0 -"7- a-:O-!_

~\Se-.o 10t o:,!'" t(,Z*fler as a ttarO to
a2_Cse2 C70err .c ~ In -, :h eo ICn~v tots, we L- hspce S h :. et

*to c!t-n! 1teactecr of tne'I caZ--.cZor- . ' --:c asuC -,inr- 1 n Secr f! n e .. s. o
5f.0t7 ",-,77. arC ce. a Cec:s':07n coot_:curaa :Cl of a emcnss co if!-- :Ds Sr&v.
7-7:0_Oo. to C e o tentau e'I10 :7nsor Eeiin '~Oaeea We xe [" tesam -rc_ rnt tescc ca,! v.er
!tam 0et~n oov:15\ of the -2','s are r,~r:



distributions with different variances under each hypothesis.
In Section 4, we present a problem of organ,,zational design FIGURE 2
and an algorithmn to solve it, Finally in Section 5, we present T O D RA IAIN
some concluding Temarks and suggestions for future
researchn.

V VV
2. TWO DNIORGANIZATION'S B B

2.1 General Remarks r "

Since organizations with t\w.o DM5s are key builitng L...JiL
blocks for larger organizations, our objective is to study them (1
extensively and analyze them completely. There are two 0,) A O'*)

A'-iJK

alternati~ e architectures for this type of teams: fusion and
tandemn CFigure 2). Since the DMs in the tandem architecture (0,11
car always employ the decision rules of the DIVs in the
fusion archtctutte (hence even the optimal decision rules for FUSION TANDEM
the fusion Z7chuecture). the perfor-mance of the tandem
archite-cture- is always at leas-, as 2ood as t :,erformance of
the fusion architecture. Thus. v e will resmc:, oiselves to the
s~ud\ of Lne taniemn archtei:-. 2.2 The ROC Curve

F IGIURE 1 In the binary hypothesis testing problem each DM can
L DNO RANGE OBJECTI\VES be characterized by his Receiver O perating Character-snic

(ROC) Curve. This curve plots the probability of detection as
* a function of the probability of false alar-m.

K The Trobabilitv of det.ection. P., is the probab -iiwta
the DM decides ui = 2 (indicating that H. is the -,-.Le
h\po*thesis) when H, is indeed t-ue and is defined by

where
DM3 ~DM2 DM1

av H)
A~v) =

is the likelihood ratio and n reprtsents the decision threshoid4.

H The probabilitv of false alarm7. P, i- he probabi'liv Lha

the DIM decides u I when H~i is the cchy-pothesis an,' is
definedc by

DM2 D 1 -

Thus, the ROC curve is expressed by, two
ecuattions. with thet threshold pa-==ete n var\vtr~ - z-

DM13 toi tn ;in generald, car, not be expressed in'a closeQ tc-.
TeROC curve is cncav and it has aoerusefUi p7ro%.

suppose that by subsututtinz n* in eoua.ons (1I and tnc
point (PF.'P 0)) of the ROC curve is obtained. Tn.n :rne
slope of the tangent to the ROC curve az (P. P)sr

N H C(Fir e 3). Consequently, if a DMI performs deteco-
*some given n'. his optimal ope rzatc p)oint is the po 'n- cf tne

ROC curvye wvhere the slope of thet tangeni is r.'.

7 . . l our research, we use the ROC creto c'.a-,ttf\: ,e
D.M3 -relativ'e expernise o1 different DMs. Mor1eover. slnc:e te um.7

- - . DMs also performs b,-ntirv hVrne,S:S TeS::nc. 1,a
* M ~ DM1 U- D 7 7eorn an ce c anr als o b e nr-t:f-I ed c the teCa 7 R CC u

Rf 0~ OC c -rve of DXI A i s h: ch er i h 2,- th e P D curCe ot

0C
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DM B, then we say that A is a h DM than B. because for 2.3 The Problem
the same level of probability of false alarm. A will have a
higher probability of detection (Figure 4a). But, the DMs can Consider a team consisting of two Dis ir. tandem
not always be ranked globally because sometimes their ROC architecture, which performs binary hypothesis testing
curves intersect (Figure 4b). (Figure 5a). The prior probabilities (P, = PCH) for i = 0.1 )are

FIGURE 3 assumed known, as well as the cosis J(u.H) which are
i-X ROC CURVE incurred by the team when it decides u and H is the true

n=O hypothesis. It is assumed that it is more costly for the team to
err than to be correct. The team objecuve is to minimize the

I expected cost incurred by the team.

Ec...... DM receives a conditionally independent
D.. . . . Iobservation. One DM. called the consultant DM. maizes a

binary decision (u, = 0 or u = 1) based on his measuremen:.

D y\ and transmits it to the othe DM, called the ;:mn'' DM.

Then, the primary DM has to make the team dec:ion (basc,
upon his own measuremert v and the message from the

consultant) which has to be either ur. = 0 or ur = I indic.-:in

0 that the corresnonding hypothesis is considered to be true.

- p The optimal solution for the decision rules of the tm o
r DMs is given by likelihood ratio test with constant thresoo.ds

[3]. For the primary DM:
FIGURE 4 ui= I

RANTJnG DECIION 1ZAKERS If u= Afv) > -P n

- 1 '=0 1-PD

up=1

If u,= 1 A(v1 > - n 14
u-0 D

/ A" BETTER

A B W O R SE For the consultant D M :
J, At%- I > r r nI
I/ < A tl p0

uc= 0 'D D

where
P 3(1, ,HA - J,'O,HA)

0 p n=-

r P J(0,H,' - J(1 ,H l

an P P; ) is the probability of detecuon (probb:: cf

false 'la-n. for the prima.' DM N,\hen u = i was receive' nv

the consultant (i = 0.1) and PD ( P) is the probabih:\ of
A detecion )probabih:v of false al,%rn: for the consuan: D.V.
/ ' when bo:n DMs are operated a10orztnr to :ne cp::n.

P decision rules of eqs.f3j- 5). For exarI.
D

01-P'1 Pi I-F n 1I po Pr I 'o ) -- n HO) '

czrre 51b demonstates the fo-.rm of the operatinm po:n's.
0 A LE = B BETIER

The ROC cu-rve of the tear as a whole can be conmr:-'

(b)
P ,7 = - .C) {  + p' , I. ,

0- ,

0
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FIGURE 52.5 A Counterexample to the Conjecture

THEPOLM AD ISSLTO In Figure 6, we present the ROC curves of two DNs.HE ROBEM ND TS OLUIONone beterthan the other according to our prior definition.
Table I contains the discrete distributions of their

( observations; the elements in the matrx denote probabilititeS.
\\H Hc or IH, For example, the 'wvorse' DM will observe v = I Aith

probability 0.1 if H~ is true and with probability 0.51 if1 H. isA ®r tue. From Table I we can then see that the better DM has 2.s
I ~good or better discrimination of the tw-o hypotheses, and of
LAI course this is reflected in the do-rinance of his ROC curve i

Figure 6.

P-0 AR ,th In Order to establish the counierexarmple wve comnared'COSUtL- + P'* Gi h two architectures using tedious, albeit straight forwakrd

calculations of the probability of error. The results are
illustrated in Table 2. which contains the probability Of Cer10

a)for tw,%o different values o' n for each architect'ure --.

denot.es the "better" DM, while WX denotes the- 'worse" one.
For n =L10 having the better DM as the con.sult.ant, is

PRIMARY DM CONSUL-Tii'G DM
__________FIGUE 6

T1-M ROC CURVES

P ........... I

D -7r5....

PD *

P0 P1 P, 1

Not.e that the team ROC depends not r-nl\ uoon the 0 .1 .2 .5 1
chra~-.~Cs expe.rzse') of tmhe individual D. s. but also P

on th"e oarcla.- way%2\' thety have been constrlained to
irnterac: (The-, te-am Cr 07=14a-r-2: cn301r-e)

2.4 Architecture Comparisons TABLE 1
DESCRIPTION 0F DMs

Sur::Ost *.nna: one of the rwo DMs is "better" than the
outer, i . .s POC curv--e is hicher thLn the ROL cunve of
..he other DM. There exist two candidate architectures for- the 'WORSE" D%1 "BETTER" DM
tea-n: e :rer -. e i~ e " e ,,tr'* DM the v r'.ma\v DM or mai. e

* ..ne better'D.M thne consu'tant D.M. Recall tathe pi"~'H

D,', =2akes :te fnlteamn derision. we woud' 'like to v 0  V 0
dt v=n \;.:cn o- _t two architecturTes vie.:-s be,,.er

Pertotta2n:C u-ar. treo*ner for all values of n. tha:, is 1 0. 0.1 .
%;het-her the optimal a-rchitecture is independent of the
external parameters of the probit-m sdezaiis of cos-. function, U .14 CI0.4 2.
pr71or- Vr,~I~ts which 0e=7--1 Ine , vaue Of n.

0 Te ch"~-~w'- he eterDMasth ~ DM3 0.5 0.1 3 0.3
w'as conecue 3 to be better7. This conrecture is a-opelinz
for an...-. p ~ .. ~o~o eo 4q 0 0 4 0.1C.

lik:e to hav e "bc-,ter'-%I mak-e trne flna, decision,
mneper-er+ f theI cro roai;e e cot Oo~ima: \ nile for n = CB3S hav:rne the betrDN as

~sscr~ner:s.If his~ ~e ne ase thn :e rumi wy o pr.rnrvis op=timal. Tias can be Lso verified b\v dcivinc t
\%a~~rg:o DMs \%ovulid ro: charge. saas t n prir :a-iccuvsfrec rcter -c'r a.A ~

* oo.artitt-.es ot ir -ne~ ir- -e fr 2otnesese-,:.s f
L'r~o~utat>. s ~~e rc'woe~w. t~s ir ca be close-up Of FigurTe 7b shows, th tw RC uves n:ersc

near P= 0. B Tru s. t n Lhts s p cal exarnp~e. Ln-e onzirna.l teLr.
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TABLE 2 this case are simple and given in a closed fo-m I1]. A

COMPARISONS OF summary of this case is given in Table 3

PROB. OF ERROR 3.2 The First Architecture

Suppose that the bener DM is made the prnmary. Thr..

I I- " from the solution of the problem and the properz% of tine IZ
n = 1.00 0.200 loptimal) 0.215 curve

n = 0.38 0.18,10 0.1E33 (optimal)

I -r0  o"!11 - , 1P N-A,2

FIGURE 7 , - n _.i_ _ __

TEAM ROC CURVES 1 .6'

( 43 1 . I

0 n -;n ---i ° F1  ,:)

C7- where the superscripts B (better) and W .- or ro::::
which DMs ROC curve is being differentia:ted S',v:nz:w_

p c / - wo DM FRAR system of eqs.(9)-(11) and recaliin the Conza, .
D ,: / E-, r fM i ROC curve, we obtain thai in this case

CZ

C.- (P :, r I = (',

which imI{es that whenever u = i is recn:' :ron:
ccc c consul,, the pnmarv decides u- = i tndenenzcn: o*:.

observation. Substituting into (7) and (S). A e oh:: ::.:
p,, team ROC cur,'e in this case is riven by:

P,, = P P - PoP_!

CC.SE UP D= PD 0 D: - b (/pD ,,

..... sme (PFCPDC) [F ] in the ROC ca e f u .
: 63 - x [be"Itel DM.

/

PD .7 7 W07= DM MU ZT

c,3- /C TAkBLE 3
C 6E CO-PAR_'G GAUSSL\N "AR' "CE

.. 6- C -W O S : D!\1c." : ORSE DM: BET7R D'

ID

H0 ' &=cf H. : - -

rcnh:;ecture deperds on the value of n (i.e. the numericaI
values of the rielr probabilities and costs). On the other H. "c2= H, " , - "
hand2. f0r this exa"nole, bot -chitect.res have r.-'v sim;,,r-
terformance, sin-e their ROC cu-,es are quite close (Figure on C

3. COMPARING GAUSSL-kN VARIANCES D D 
p

- F

3.1 General Remarks

Consider spec:a! case of the p-rc:em -roser:ed in iLh" c, < e. N>
Sect:on 2.3 a,',ve. w.:e each DM receives two ndependen:
SobservLa::cns cIszttle w::n the Gass:a::, dsm. uuonC w:S&lee:".-c =e ahoc~. Te RO .- r-es ;
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3.3 The Second Architecture 4.2 Adding a New DMI

Sups htnwtebterD smd h rn) By introducing the "perfect" DM to the teirn, that is a
Tnien. we can zaboari~v assign to the DMs the following DM hoaw skoswicistemehphss(iehs
operating ooints: ROC curve goes through '1','PD) .(0.1) ), the team

(P , 0:to the Consultant (W~orst) DM probability of error will be reduzed to zero. Hence.

to thcB:e)D hnu=C~rcie specifications nio aw.±ic, bo"~;~c car, always be me:..

(1, 1) to the Primary (Better) DM w hen u, = I is recetved We would like to introduce a trade off between the team
performance and the cuaii~v of the DM to be- intioducec. To

Substitutinr- into eqs. (7) and (8). we obtain eqs. (1--) and measure quality we need to rank the DMs even in cases of
(13) again. Since for this _-arta-v assignmen: of operating ambiguity (Figure 4b). The measure we will ernnloy is the
points, the architure with the betner DIN as the prmarv- can area under the ROC curve. Tn~s measure is scirand
achieve pefomance equal to the o~nirnal performance of the prcsei-ves the ranking of unamb~cuous situauons (Ficare 4L:%
other archit'ecture, the bt:".t DMV the~ ~ he "perfect" DM has a metasure of 1 and the 'worst" DM.

7,nz- DV,(the DM who is equal!,. likeiv to choose betvkeen ei:h-cr
hNpothesis independent of his obstrvatjorj has a mea,:sure of

3.3 Obtainin- the Team ROC Curve 0.5.

Supr7ose that _he btter DM is the consultant. Then. The design problem will nov be to find the 'checoets:'
f.rm the system ot eqs- (9,01l ). we can Solve for Pcto DXwhich wi\ eal;h taome h rqteet:b

o~Fn chapest meaninc the DM v\ it.h the smaliest a-rea under th t
2 OC cur-ve.

(l-Lf ( - I c] (:r. Wn 4.3 A Sample Problem

-Supp)ose we are given, a DMX ('old") with ROC curve:

*n is i s a n e 2u:atior cf' (u s P, . WVe :coud have su stiuted for D F,.

P~ from the equation of th'e ROC cur:ve of ut consul:an: and a Set Of reCuirements for team rformance ie
(cetter) DV. but did no', do it because2 of space h-Lmttons. If minimurn levels of probabi;it*,\ of tiect. ion for snecified

the~~~~~~~~~~ qaurissedP isbre.Moevrlevels of pr.obablity o false t r; We war. to find it
___ cheapes:." DM ('newv" wkith om'omo-.-hio ROC creto te

2 -2old DM. that is:

B,. subs*:tuting rt the equatior. ofth ROC curve of the
Orrma I D.Mr.e D\' is obt.a.jned'. Final! by subsucng.:,E which will rnake the team sausfv the recemen-s - tis

fcr all the 77ca-a 1_;CS~t i c-at10 1 7; and (8). the team case, the r.L!!!7 the value of thne constzzru K th "''"
ROC curve is octained as a functon of, n.,nt rane of DNI.
.mt DIMS and N.

The problem is the same as te one decie n Seti:on
R: shou: be- r *crha: the tearn ROC cur-ve will no, be of 1.3 above. The two possibie ar7ch-:;tc:res are to use m!! nt\;

tesamet torm as *.e ROC cur-ves of et, vca DMs. !n DM as thet consult.ant or to use te nev% DM as .-..- 7,

.act. it is no: even c:ven zy closed . .. ex .. ssion. Thus.
.%e canno: eaiyex~ted trsult to met case of'ee DMs in In the following alcorithm we use our Lteoretcal analysts:
a anctm which.:-. t suggeCsts that Q n2te DXinud t

a\' o; - a c otnDn1e:e t ou- ma. aa err or a -o ac
4DESIGNING ORGANIZATIONS

4.4 The Algorithm
4.1 General Remarks

STEP 0: S",rt with two identical 'old" DIMS
* Surpc-fe the_: -a are cven a team of DMs and a st of
recuu-Le:.s on tta.= whic"h Lre not Mc'. STEP: I the requuremcnts are met Ltn the te; s tcw
V.? cou .t retorm:7 SeVere' chances .t- the teaem, Such as good. Thus, the ne'6% DM can, be worse men wra:
aca_: ng or- telt..ng a DM or- cn-anc;ng the Ita he is. which impites that the K of the new; DM can.

;ntrconecion 07o recestening men communication and should dec-7as:. From our theoretica.anly
protoccis. to maethe iteam met posed perform anlce we knowx that meney DM should be tne consuttn

r~u'e ?-' e-tv, . we are e' .~ng a =a: and error Thus, we decretase the consultant's K an' cc i,
a7 roacn ttecause cf tne anee: a comote;x!:t' Q: It STEP 3.

metC~S se 7, arc n
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2: f te rcuiemets rt otmet thn te mm i to ') Tenney .R.R.. and Sandell, N.R.. "Detection wito
Wt:4-12: If u the oueenaew not shuetete thenn Disoibuted Sensors"

weak.Thus the ew Dvi shuld e beter17-='E Trzns of Av--:cr ce nd Et rcni 5%--~'t
what he is, which implies that the K of the new DM E-7 hIY18,pp 0-0
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